We studied 15-aza-24-methylene-8,14-cholestadiene-3,8-ol (15-azasterol) inhibition of Saccharomyces cerevisiae growth. Exposure to sublethal concentrations of this drug caused S. cerevisiae cells to undergo a transient period of inhibition at midlog phase. During growth inhibition the turbidity of each culture remained constant, as did the total cell number. Although the proportion of viable cells in cultures decreased from 90 to 12% during inhibition, methylene blue staining showed that less than 40% of the cells underwent metabolic inactivation. We monitored adenosine triphosphate levels throughout the inhibition cycle, and these levels followed kinetics identical to cell growth kinetics. After overcoming inhibition, cellular lipid extracts revealed the presence of a modified forn of 15-azasterol. It appeared that the yeast cells were able to overcome 15-aasterol inhibition by an inactivating transmethylation reaction involving S-adenosylmethionine.
diene-3,8-ol (15-azasterol) is a potent antimycotic compound that is produced by Geotrichum flavo-brunneum (7, 13) . Studies have shown that this compound inhibits sterol biosynthesis in fungi (8, 18) and in plants (15) , causing the accumulation of A5,14 sterols. In Saccharomyces cerevisiae this inhibition occurs rapidiy after exposure to the drug (1) , resulting in the synthesis of ergosta-8,14-3,B-ol (ignosterol) rather than ergosta-5,7,22-triene-3,8-ol (ergosterol), which is normally found in this yeast. At sublethal concentrations of 15-azasterol, S. cerevisiae shows no deviation from its normal growth pattern for the first few generations of growth. After this, cultures enter a period of growth inhibition, the length of which is dependent on the concentration of 15-azasterol added (8) .
In this study we examined the mechanism by which S. cerevisiae overcomes the growth inhibition mediated by 15-azasterol. Our experiments showed that S. cerevisiae is able to modify 15-azasterol to a non-inhibitory derivative by a transmethylation reaction involving S-adenosylmethionine.
MATERIALS AND MEETHODS
Fungal strains and culture conditions. Two of the organisms used in these experiments were S. cerevisiae strain S288C, which was obtained from the University of California at Berkeley, and S. cerevisiae t Technical paper 5882 from the Oregon Agricultural Experiment Station. strain A364a, which was obtained from George Sprague, University of Oregon. The 15-azasterol-resistant strain designated RG1 was derived by ethyl methane sulfonate mutagenesis of strain S288C (see below). G. flavo-brunneum strain NRRL 28804 was purchased from the American Type Culture Collection. Growth conditions for NRRL 28804 have been described previously (13) . Yeast cells were grown in a liquid medium which contained 0.5% yeast extract, 1.0% tryptone, and 2.0% dextrose and was buffered with 0.1 M potassium succinate to pH 5.5 (designated YTDS medium). For a solid medium, 1.5% agar (Difco Laboratories) was added to this medium. Cells were cultured aerobically in 250-ml Klett flasks containing 50 ml of medium; the flasks were placed in a New Brunswick G24 environmental shaker at 27°C and agitated by rotary shaking at 250 rpm. Growth was monitored turbidometrically with a Klett-Summerson spectrophotometer. In all experiments 15-azasterol in 95% ethanol was added to the medium before inoculation with cells. The concentrations of 15-azasterol used in the experiments are given below.
Ethyl methane sulfonate mutagenesis and selection for 15-azasterol resistance. Ethyl methane sulfonate mutagenesis of S. cerevisiae strain S288C was performed by the method of Lindegren et al. (10) . After mutagenic treatment and inactivation of ethyl methane sulfonate, 0.1 ml of culture was transferred to fresh YTDS liquid medium and grown for 24 h. Cells were selected for resistance by plating onto YTDS agar media containing 5, 10, 15 , and 20 pg of 15-azasterol per ml. After 1 week colonies which were resistant to high concentrations of 15-azasterol (20,ug/ ml) were screened for growth in YTDS liquid medium containing 20 pg of the antimycotic compound per ml.
Isolation and characterization of sterols. Cellular sterol and steryl ester pools were extracted by VOL. 20, 1981 using the dimethyl sulfoxide-chloroform procedure of Taylor and Parks (17) ; 100 ug of cholesterol was added to each sample as a reference for extraction efficiency. Free and esterifled sterols were separated by thinlayer chromatography (TLC), as previously described (17) . Modified 15-azasterol was purified by two-dimensional TLC. Samples containing modified 15-azasterol were spotted onto silica gel plates and chromatographed in the first dimension with the solvent systems of Skipski et al. (16) . Then the plates were dried for 30 min and developed in the second dimension with diethyl ether-95% ethanol (3:1, vol/vol).
Free sterols were acetylated for 1 h at 250C in a mixture containing acetic anhydride and pyridine (2:1, vol/vol). Steryl esters were saponified by the procedure of Bailey and Parks (2) . The saponification mixtures were evaporated under nitrogen gas, and the samples were acetylated as described above for free sterols. Acetylation mixtures were evaporated under nitrogen gas and then stored at -4°C in benzene. Sterols were quantitated by gas-liquid chromatography, using cholestane as a standard and a Varian gasliquid chromatograph equipped with a CDS-111 data system (11) . Relative carbon numbers were based on elution times relative to C34 (N-tetratriacontane) and C36 (n-hexatriacontane) standards.
Characterization of modified 15-azasterol.
Modified 15-azasterol was analyzed by coupled gasliquid chromatography-mass spectroscopy, using a Finigan 4000 mass spectrometer at 70 eV after separation on an OV-17 gas-liquid chromatography column. Ultraviolet spectroscopy was performed with a Zeiss PMQ 11 spectrophotometer, using samples dissolved in 95% ethanol. The inhibitory capacity of modified 15-azasterol was assayed by a paper disk method (13), using equal amounts of unmodified 15-azasterol for comparison.
Synthesis of '4C-labeled 15-azasterol. G. flavobrunneum was cultured as previously described (13 with a hemacytometer gave essentially the same results. These data could be described as a single curve. As Fig. 1 (Fig. 2) . It appeared that the majority of the cells underwent a period of growth stasis rather than die-off in the presence of 15-azasterol.
To resolve the anomolous results obtained from the percent viability and metabolic inactivation determinations, ATP levels were monitored throughout the inhibition cycle (Fig. 3) . The total concentration of ATP during growth followed kinetics identical to optical density measurements. If 88% of the population died, as indicated by the viability data, the ATP level would have decreased drastically. The maintenance of ATP pools during inhibition indicated that the cells did not die even though they were apparently not capable of forming colonies on solid medium Further work will be required to explain the discrepancy between the plating data on the one hand and the ATP and methylene blue studies on the other.
It was of interest to study the fate of 15-azasterol as the cells recovered from the transient growth inhibition. Growth stasis before recovery may have represented the interval for spontaneous decomposition of the azasterol in the medium. Medium containing 15-azasterol was prepared and preincubated for 48 h. Cells were inoculated, and a growth response identical to that shown in Fig. 1 was observed, indicating that decomposition was an inAgnificant factor.
A culture of strain S288C was grown in YTDS medium containing 1 ug of 15-azasterol per ml (Fig. 1) . After the cells overcame growth inhibition, they were pelleted and extracted for sterol pools. When the sterols were separated by TLC using the systems of Skipski et al., there were two new bands which were not observed in a preparation from a culture grown in the absence of 15-azasterol. These new compounds had Rf values of 0.00 and 0.05. When these compounds were separated by TLC in the diethyl ether-95% ethanol system, they had Rf values of 0.14 and 0.85, respectively. When analyzed by gas-liquid chromatography, the compound with Rf values of 0.00 and 0.14 had an RC value of 3,312, whereas the compound having Rf values of 0.05 and 0.85 had an RC value of 3,461.
To determine whether these new compounds were forms of 15-azasterol, strain S288C was grown in the presence of 14C-labeled 15-azasterol. When the cellular sterols were analyzed, these new compounds contained radioactivity.
Free sterols and steryl esters had no 14C label.
To continue analyses of these new compounds, greater quantities were required. Since strain S288C was inhibited at such low concentrations of 15-azasterol, it was difficult to acquire large amounts of these compounds by conventional methods. Therefore, we isolated a strain that could tolerate much higher concentrations of 15- azasterol and show the same physiological effects as the more susceptible strains. This strain, designated RG1, could grow in the presence of 30 pg of 15-azasterol per ml. same physiological response to 15-azasterol as strain S288C; i.e., the synthesis of ergosterol was inhibited and ignosterol was the primary sterol product.
One method of sequestering a sterol in cells is by esterification with a long-chain fatty acid (5). This is logical since it is known that the sterolesterifying enzymes are induced to high levels late in the culture cycle with the onset of growth retardation (12) . Synthesized 15-azasteryl-3fl-myristate analyzed by TLC using the systems of Skipski et al. had an Rf value of 0.05, whereas 15-azasterol had an Rf value of 0.00. Although this procedure made these two compounds separable, free sterols and steryl esters normally separate to a much greater degree in this system. These results showed that attachment of a nonpolar long-chain fatty acid to the 3,8-OH of 15- azasterol had little effect on the overall polarity of the molecule in this system. This may have been due to the acidity of the TLC solvent mixtures causing ionization of the D-ring nitrogen atom. To separate free 15-azasterol and esterified 15-azasterol better, these compounds were analyzed with the diethyl ether-95% ethanol TLC system. Under these conditions, esterified 15-azasterol had an Rf value of 0.60, and free 15-azasterol had an Rf value of 0.14. A gas-liquid chromatography analysis of 15-azasterol showed that it had an RC value of 3,312, whereas esterified 15-azasterol did not elute from the column. These data indicated that the compound extracted from yeast cells grown in the presence of 15-azasterol which had Rf values of 0.00 and 0.14 was 15-azasterol (4, 6) . To determine whether the modified compound was acetylated, some 15-azasterol was acetylated chemically and then compared with other forms of the drug (Table  1) . A comparison by TLC was made using the diethyl ether-95% ethanol system. The chemically acetylated form of 15-azasterol had an Rf value of 0.52. TLC analysis indicated that the modified compound was much less polar than either acetylated 15-azasterol or long-chain fatty acid-esterified 15-azasterol. Also, the modified compound was more polar than free sterols, which migrated with the solvent front. In addition, we discovered that the modified compound could be acetylated chemically to Both free sterols and modified 15-azasterol were extracted from these cells and analyzed for radioactivity. The total modified 15-azasterol pool represented 87,000 cpm, whereas the free sterols contained only five times that amount (468,000 cpm). The specific activity of the modified compound was 8 x 106 cpm/pmol. These data indicated that 15-azasterol was modified in yeast cells by the transfer of a methylene group from S-adenosylmethionine.
Modified 15-azasterol was recovered and analyzed for antifungal qualities. Toxicities by equal amounts of 15-azasterol and modified 15-azasterol were measured on S. cerevisiae strain A364a (Table 2 ). This strain was inhibited by a 15-azasterol concentration of 10 ng/disk, but its growth was not affected by exposure to a modified 15-azasterol concentration of 7.5 pg/disk. Therefore, S. cerevisiae A364a cells were more resistant to the modified azasterol by at least three orders of magnitude. Since 15-azasterol is similar to non-inhibitory sterols except for the D-ring nitrogen, it is conceivable that this nitrogen makes the molecule toxic and that a modification involving this site could act to decrease or eliminate antifungal activity. Finally, it is appealing to hypothesize that 15-azasterol enters cells quickly and inhibits the synthesis or availability of an important growth factor. This growth factor may be completely depleted after two to three generations, at which time the cells undergo growth inhibition. During the period of growth inhibition, the cells actively modify 15-azasterol to a nontoxic form via a transmethylation reaction involving S-adenosylmethionine. When the concentration of 15-azasterol is reduced sufficiently, the biosynthetic reactions which were inhibited are able to function, and cell growth resumes.
